Blockage of transcription has been shown to induce the tumor suppressor p53 in human cells. We here show that RNA synthesis inhibitors blocking the phosphorylation of the carboxyl terminal domain (CTD) of RNA polymerase II, such as DRB and H7, induced rapid nuclear accumulation of p53 proteins that were not phosphorylated at ser15 or acetylated at lys382. In contrast, agents that inhibit the elongation phase of transcription, such as UV light, camptothecin or actinomycin D, induced the accumulation of nuclear p53 proteins that were modi®ed at both of these sites. Furthermore, using a panel of DNA repair-de®cient cells we show that persistent DNA lesions in the transcribed strand of active genes are responsible for the induction of the ser15 and lys382 modi®cations following UV-irradiation. We conclude that inhibition of transcription is sucient for the accumulation of p53 in the nucleus regardless of whether the ser15 site of p53 is phosphorylated or not. Importantly, blockage of the elongation phase of transcription triggers a distinct signaling pathway leading to p53 modi®cations on ser15 and lys382. We propose that the elongating RNA polymerase complex may act as a sensor of DNA damage and as an integrator of cellular stress signals. Oncogene (2001) 20, 5964 ± 5971.
Introduction
Transcription is a fundamental process for all living organisms. Attenuation of transcription by either the induction of DNA damage or by inhibition of RNA polymerase activity seriously aects many functions of a cell. It has been shown that inhibition of transcription triggers the induction of p53 (Ljungman and Zhang, 1996; Ljungman et al., 1999; McKay et al., 1998; Yamaizumi and Sugano, 1994) . However, the mechanism by which p53 proteins accumulate following inhibition of transcription is not clear (Ljungman, 2000) . It has also been shown that prolonged inhibition of mRNA synthesis may result in apoptosis (Koumenis and Giaccia, 1997; Ljungman and Zhang, 1996; Ljungman et al., 1999; McKay and Ljungman, 1999; McKay et al., 1998 McKay et al., , 2000 Poele et al., 1999) . Thus, it is of paramount importance for the cell to rapidly respond to transcriptional stress and to restore transcriptional activity.
It is thought that phosphorylation of certain Nterminal residues of p53 may be important for nuclear accumulation of p53 following cellular stresses. These phosphorylations are thought to attenuate the interaction between p53 and its negative regulator the MDM2 protein. MDM2 is thought to direct the nuclear export and subsequent degradation of the p53 protein (Boyd et al., 2000; Chehab et al., 1999; Geyer et al., 2000; Shieh et al., 1997; Siliciano et al., 1997; Unger et al., 1999a) . Although phosphorylation of the ser15 site of p53 is not sucient to directly interfere with MDM2 binding to stabilize the p53 protein (Dumaz and Meek, 1999) , phosphorylation of this site by the ATM, ATR or p38 protein kinases (Banin et al., 1998; Canman et al., 1998; She et al., 2000; Tibbetts et al., 1999) have been shown to trigger further modi®cation cascades of p53 (Ito et al., 2001; Sakaguchi et al., 1998; . Furthermore, phosphorylation of ser15 has been shown to induce the binding of p300/CBP to p53 resulting in increased transactivation ability of the p53 protein (Dumaz and Meek, 1999; Lambert et al., 1998) . The acetylation of the lys382 site of p53 is thought to increase its sequence-speci®c DNA-binding activity (Gu and Roeder, 1997) as well as its protein stability (Ito et al., 2001; Yuan et al., 1999) . Taken together, the modi®cations of ser15 and lys382 are thought to be important for stimulating p53-mediated transactivation, cell cycle arrest and apoptosis (Dumaz and Meek, 1999; Fiscella et al., 1995; Unger et al., 1999b) .
In addition to the role of protein modi®cations in inhibiting the negative regulation of MDM2 following induction of cellular stress, certain stresses may aect the expression of the MDM2 gene by inhibiting general transcription. Following exposure to high doses of UV light, for example, the expression of MDM2 is severely attenuated (Lu et al., 1996; Perry et al., 1993; Reinke and Lozano, 1997; Wang et al., 1999) . This is most likely due to the formation of transcription-blocking DNA lesions in the transcribed strand of the Mdm2 gene. Furthermore, agents that are known to inhibit transcription such as actinomycin D, H7 and DRB induce the accumulation of p53 concomitant with down-regulation of MDM2 protein expression Ashcroft et al., 2000; Blattner et al., 1999a) . Thus, it is possible that blockage of RNA polymerase II may trigger p53 accumulation by an indirect mechanism involving the attenuation of MDM2 expression.
In this study, we investigated whether the p53 proteins accumulating following inhibition of transcription are modi®ed at the ser15 and/or lys382 sites and if they localize to the cell nucleus. Furthermore, using cells with various defects in nucleotide excision repair we explored whether transcription blockage by persistent lesions in the transcribed strand of active genes rather than membrane-mediated events is responsible for triggering the modi®cations at the ser15 and lys382 sites of p53 following UV-irradiation. Our results suggest that blockage of transcription elongation, but not inhibition of promoter escape, results in the induction of ser15 phosphorylation and lys382 acetylation of p53. Thus, accumulation of p53 following inhibition of transcription elongation may not solely be due to attenuated MDM2 expression but may also result from a stress pathway triggered by blockage of the transcription elongation complex.
Results
Inhibition of elongation, but not promoter escape, leads to phosphorylation of the ser15 and acetylation of the lys382 sites of p53
We have previously shown that inhibition of transcription leads to p53 accumulation in human ®broblasts . The p53 protein is modi®ed at multiple sites following exposure to DNA-damaging agents (Ljungman, 2000) , but whether inhibition of transcription results in p53 modi®cations is not known. In this study we investigated whether the accumulation of p53 following inhibition of transcription was accompanied by speci®c modi®cations at the ser15 and lys382 sites of p53. We chose to analyse phosphorylation of ser15 because this modi®cation has been shown to lead to increased stability of p53 (Shieh et al., 1997; Siliciano et al., 1997) and to increase transactivation by binding to the transcription co-factors p300/CBP (Dumaz and Meek, 1999; Lambert et al., 1998) . Furthermore, the acetylation of lys382 is associated with increased stability and sequence-speci®c DNA binding activity of p53 (Gu and Roeder, 1997; Ito et al., 2001; Yuan et al., 1999) .
UV light (254 nm) induces primarily bulky DNA lesions (Friedberg et al., 1995) , camptothecin is a DNA topoisomerase I inhibitor that traps the topoisomerase on DNA in a cleavable complex (Chen and Liu, 1994) and actinomycin D intercalates DNA (Sobell, 1985) . The resulting DNA lesions induced by these three agents inhibit the elongation phase of transcription (Ljungman and Hanawalt, 1996; Mello et al., 1995; Sauerbier and Hercules, 1978; Sobell, 1985) . Treatments with the kinase inhibitors 5,6-dichloro-1-b-Dribofuranosylbenzimidazole (DRB) or 1-(5-isoquinolinylsulfonyl)-3-methylpiperazine (H7) inhibit the transition from the initiation stage to the elongation stage of transcription by inhibiting phosphorylation of the CTD of RNA polymerase II (Dubois et al., 1994; Marshall et al., 1996) . The doses of these dierent agents were chosen so that they would be expected to inhibit mRNA synthesis to a similar degree by 70 ± 90% (Ljungman and Hanawalt, 1996; Ljungman et al., 1999) .
Using speci®c antibodies recognizing phosphorylation at the ser15 site or acetylation at the lys382 site of p53 we found that UV light, camptothecin and actinomycin D induced modi®cations at both the ser15 and the lys382 sites of p53 (Figure 1 ). In contrast, DRB and H7 did not induce these p53 modi®cations despite inducing high levels of p53 protein. These results suggest that blockage of Figure 1 (a) Induction of ser15 modi®cations of p53 by agents that block the elongation of RNA polymerase II. Human diploid ®broblasts were exposed to 20 J/m 2 of UV light (254 nm), 20 mM camptothecin, 200 nM actinomycin D, 100 mM DRB or 100 mM H7. After 2 h, cells were harvested and the levels of ser15-modi®ed p53 (top lanes) and total amount of p53 (lower lanes) were analysed by Western blot using ser15 phosphorylation-speci®c and anti-p53 antibodies. (b) Induction of lys382 acetylation by agents that block the elongation of RNA polymerase II. Experiments were performed as in (a) but cells were incubated for 24 h before harvest. Western blot analysis was performed using lys382 acetylation-speci®c and anti-p53 antibodies elongation by DNA lesions induced by UV light, camptothecin or actinomycin D may elicit a unique stress signaling pathway inducing modi®cations at the ser15 the lys382 sites of p53. DRB and H7, on the other hand, abolish transcription by inhibiting the transition from initiation to elongation (Dubois et al., 1994; Marshall et al., 1996) , a scenario leading to accumulation of p53 proteins without the induction of modi®cations at ser15 or lys382.
We next investigated the time course for the induction of phosphorylation of the ser15 and lys382 sites of p53. In these experiments we pretreated the cells with the proteasome and calpain (Ashcroft et al., 2000) . This discrepancy may be due to the dierent doses of actinomycin D used (5 mM in the other study) or the cell types that were used. UV light induced ser15 modi®cations within 15 min ( Figure 2b ). Induction of lys382 acetylation was observed following 6 h of actinomycin D treatment and 24 h after UV-irradiation but was not detected after either 6 or 24 h of DRB treatment ( Figure 2c ).
Is the lack of ser15 phosphorylation following incubation with the CTD kinase inhibitors DRB and H7 due to inhibition of ser15 kinase(s)? To test this hypothesis we asked whether DRB treatment would inhibit ser15 phosphorylation induced by UV light or ionizing radiation. It was found that post-incubation with DRB did not inhibit the ser15 phosphorylation induced by either UV light or ionizing radiation ( Figure 3c ). Thus, the lack of phosphorylation of the p53 proteins accumulating within the ®rst 4 h of DRB treatment was not due to an inhibitory eect of DRB on the kinase(s) phosphorylating the ser15 site of p53. Furthermore, time course experiments with DRB or H7 revealed that although the p53 proteins that accumulated within 2 ± 4 h of treatment were not modi®ed, incubations for 8 and 16 h resulted in the phosphorylation of the ser15 site of p53 (Figure 3b, c) . This suggests that prolonged incubation with these RNA synthesis inhibitors may induce a secondary Human ®broblasts pretreated for 4 h with the proteasome inhibitor MG132 (10 mM) to accumulate p53 to similar levels, were irradiated with 5 Gy of ionizing radiation or 20 J/m 2 of UV irradiation and post-incubated in the absence or presence of 100 mM DRB for 2 h. As can be seen, DRB did not interfere with IR-or UV-induced phosphorylation of the ser15 site of p53. (b) Human ®broblasts were incubated with either 100 mM DRB or (c) with 100 mM H7 for dierent periods of time before being harvested and analysed for ser15 phosphorylation as described above. As a negative control for ser15 phosphorylation we included cells treated with the proteasome inhibitor MG132 (10 mM for 4 h). The results show that ser15 phosphorylation of p53 appears even in DRB or H7-treated cells although the initial p53 accumulation is not accompanied by this modi®cation 
Accumulation of p53 in the nucleus following inhibition of transcription
We next analysed the cellular localization of p53 proteins accumulating after inhibition of transcription and whether this localization is dependent on the phosphorylation status of the ser15 site. Using immunocytochemistry we show that exposure of human ®broblasts to either UV light, camptothecin, actinomycin D, DRB or H7 resulted in a strong accumulation of p53 in the nucleus within 4 h (Figure 4 , top row). Since at the doses used in this experiment these agents have in common that they inhibit mRNA synthesis with about 70 ± 90%, these results suggest that inhibition of transcription is responsible for the nuclear accumulation of p53. We also stained ®xed cells with the phospho-speci®c ser15 antibodies and found that only cells treated with UV light, camptothecin or actinomycin D exhibited any detectable staining (Figure 4 , bottom row). These results con®rm the results obtained using Western blots (Figures 1a and 3a ,b) in that following 2 or 4 h treatments with DRB or H7, p53 accumulated in the cells without any evidence for concomitant ser15 phosphorylation. Taken together, the results suggest that inhibition of transcription is sucient for the induction of nuclear accumulation of p53. Furthermore, phosphorylation of ser15 is not required for either the accumulation or nuclear localization of p53 following inhibition of transcription.
Phosphorylation of the ser15 and acetylation of the lys382 site of p53 following UV-irradiation is triggered by persistent damage in the transcribed strand of active genes UV light, camptothecin and actinomycin D have very dierent mechanisms of action and may induce stress responses unrelated to inhibition of transcription. To more speci®cally establish that inhibition of transcription is responsible for inducing a stress response resulting in p53 modi®cations, we took advantage of a genetic approach utilizing cells with speci®c DNA repair defects. These cells included normal human ®broblasts (NF) which are pro®cient in global genomic repair (GGR) as well as in transcription-coupled repair (TCR), CS-A ®broblasts which are de®cient in TCR, XP-C ®broblasts which are de®cient in GGR, and XP-A ®broblasts which are de®cient in both of these repair pathways. Using these cells we addressed whether UVlight, which is known to aect multiple targets in cells (Bender et al., 1997) , would induce p53 modi®cations at ser15 and lys382 by triggering membrane-mediated events or by inducing DNA damage and subsequent blockage of transcription. It was found that ser15 phosphorylation was induced in all four cell lines 2 h after irradiation with a dose as low as 1 J/m 2 of UV light in cells pretreated with the proteasome inhibitor MG132 ( Figure 5 ). This dose is below the dose required to induce the accumulation of the p53 protein in human ®broblasts (Hupp et al., 1995; Ljungman and Zhang, 1996; Yamaizumi and Sugano, 1994) and thus could only be detected in cells in which p53 had been accumulated by pretreatment with MG132. The ser15 phosphorylation was found to be transient in normal and XP-C cells with a peak at 2 h and signi®cantly reduced phosphorylation within 4 ± 8 h (Figure 5a ). It is expected that the induced photolesions would be eciently removed from the transcribed strand at this time in these TCR-pro®cient cells (Mellon et al., 1987; Venema et al., 1991) . In contrast, ser15 phosphorylation was sustained in XP-A cells and increased after longer incubation times in CS-A cells. Furthermore, acetylation of the lys382 site of p53 was induced in XP-A and CS-A cells but not in NF and XP-C cells (Figure 5b ). These results demonstrate that the trigger for the phosphorylation of the ser15 site and acetylation of the lys382 site of p53 following UV-irradiation was due to DNA damage. Furthermore, since cells with pro®cient TCR lost the ser15 phosphorylation within 4 ± 8 h and Figure 4 Exposure of human ®broblasts to agents that negatively aect mRNA synthesis results in the nuclear accumulation of p53. Cells were irradiated with 20 J/m 2 of UV light (254 nm), 20 mM camptothecin, 200 nM actinomycin D, 100 mM DRB or 100 mM H7. After 4 h the cells were ®xed and p53 localization was analysed using anti-p53 or ser15 phosphorylation-speci®c antibodies and uorescent microscopy. The top panels show the p53 localization while the bottom panels show the localization of ser15-modi®ed p53 proteins Oncogene Transcription blockage and p53 signaling M Ljungman et al showed no detectable induction of acetylation at the lys382 site, these results suggest that lesions speci®cally in the transcribed strand of active genes trigger a stress response leading to ser15 and lys382 modi®cations of p53.
Discussion
We have previously shown that inhibition of RNA synthesis is sucient to induce p53 accumulation in human diploid ®broblasts . In this study, we show that the p53 proteins accumulating following treatment with agents that inhibit transcription elongation were phosphorylated at the ser15 site and acetylated at the lys382 site. In contrast, agents that block the transition from initiation to elongation by inhibiting phosphorylation of the CTD of RNA polymerase II induced the accumulation of p53 proteins that were not modi®ed at the ser15 or lys382 sites. Furthermore, the p53 proteins accumulating after inhibition of transcription were localized to the nucleus regardless of whether they were modi®ed at ser15 or not. Finally we show that the induction of ser15 and lys382 modi®cations by UV light is speci®cally triggered by UV-induced lesions in the transcribed strand of active genes. Taken together, our results strongly suggest that a general inhibition of transcription is sucient to induce accumulation of p53 in the nucleus while modi®cations of p53 are speci®cally triggered by blockage of elongating RNA polymerase II complexes (Figure 6) .
Phosphorylation of the N-terminus of p53, including ser15, is thought to increase the stability of the p53 protein by attenuating the interaction with its negative regulator MDM2 (Shieh et al., 1997; Siliciano et al., 1997) . However, we found that p53 proteins accumulating in the nucleus following treatment with DRB or H7 were not accompanied by phosphorylation at the ser15 site. Thus, nuclear accumulation of p53 does not require phosphorylation of ser15 of p53 which support a previous report (Blattner et al., 1999b) . It is possible that transcription inhibition leads to nuclear accumulation of p53 by an indirect mechanism involving the loss of MDM2 expression (Ashcroft et al., 2000; Blattner et al., 1999a) or by interference with the nuclear export machinery (Groulx et al., 2000) . Interestingly, UV light, camptothecin and actinomycin D, which at the doses used inhibit the elongation phase of transcription, rapidly induced phosphorylation of the ser15 site of p53. However, since these agents also directly aect . After dierent periods of time, the cells were harvested and the speci®c phosphorylation of the ser15 site or acetylation of the lys382 site of p53 were assessed as described in Figure 1 the structure of DNA, it is possible that the stress response leading to p53 modi®cations is triggered by DNA alterations rather than by blockage of transcription elongation.
To distinguish whether the phosphorylation of the ser15 site of p53 following UV-irradiation was due to blockage of transcription elongation or some alternative mechanism, we took advantage of cell lines with speci®c defects in DNA repair. UV-irradiation is known to trigger multiple signal transduction pathways in cells (Bender et al., 1997) . Some of these pathways are triggered from the cell membrane, while others are triggered by DNA damage (Bender et al., 1997) . In this study we show that the phosphorylation of the ser15 site and the acetylation of the lys382 site of p53 following irradiation with 1 J/m 2 of UV light were induced speci®cally by persistent DNA damage. This was deduced from experiments comparing the persistence of ser15 phosphorylation following UV irradiation in DNA repair pro®cient and de®cient cells. While ser15 phosphorylation of p53 in the nucleotide excision repair-defective XP-A cells persisted for more than 8 h, this modi®cation was transient in normal ®broblasts ( Figure 5 ). Furthermore, induction of lys382 acetylation was observed 24 h after UV-irradiation in XP-A but not in normal cells. Importantly, we found that XP-C cells resembled normal cells in that they showed a transient induction of ser15 and no induction of acetylation of lys382, while CS-A cells resemble XP-A cells in that UV-irradiation induced a persistent phosphorylation of ser15 and induction of acetylation of lys382 by 24 h. These results suggest that the induction of ser15 phosphorylation and lys382 acetylation following UV-irradiation is triggered speci®cally by lesions in the transcribed strand of active genes and strongly implicate blockage of elongation in the triggering of these p53 modi®cations.
The kinetics of lys382 induction following UVirradiation appears to be much slower than the induction of the ser15 phosphorylation or the overall accumulation of the p53 protein in the UV-irradiated cells. Thus, from our data we can not conclude that the lys382 modi®cation is important for the accumulation of p53. A recent study, however, found that the rate of induction of lys382 phosphorylation following exposure of cells to UV light or actinomycin D closely followed the rate of p53 accumulation (Ito et al., 2001) . Importantly, our results using the DNA repair-de®cient cells show that persistent DNA lesions in the transcribed strand of active genes are responsible for the triggering of the lys382 modi®cation after UVirradiation. Thus, although perhaps not involved in the accumulation of p53 in these cells after UV-irradiation, our results strongly suggest the lys382 modi®cation is induced by a pathway or stress response that is linked to blocked RNA polymerase II complexes.
One important ®nding of our study was that DRB and H7 did not induce phosphorylation of ser15 or acetylation of lys382 (Figure 1 ). These agents inhibit RNA polymerase II-mediated transcription while they are not interfering with the synthesis of rRNA by RNA polymerase I (Dubois et al., 1994; Marshall et al., 1996) . However, UV light, camptothecin and actinomycin D do aect RNA polymerase I-mediated transcription and thus, it is possible that the modi®ca-tions of p53 induced by these agents are due to their inhibitory action of RNA polymerase I elongation. However, our results with XP-C cells, which have pro®cient TCR of RNA polymerase II-transcribed genes but de®cient repair of ribosomal RNA genes following UV-irradiation (Christians and Hanawalt, 1994) , showed that these cells did not induce a persistent ser15 phosphorylation nor did they induce acetylation of lys382 following UV-irradiation. Thus, these results argue against the requirement of blockage of RNA polymerase I elongation for the induction of p53 modi®cations.
What is the mechanism by which blockage of the elongation of RNA polymerase II complexes triggers p53 modi®cations? Following initiation of transcription, the carboxyl-terminal domain (CTD) of RNA polymerase II becomes phosphorylated at multiple sites ®rst by the Cdk7 subunit of TFIIH and later by the Cdk9 subunit of P-TEFb (Price, 2000) . The phosphorylated CTD is thought to be an assembly point for enzymes involved in RNA capping, splicing and polyadenylation (Hirose and Manley, 2000; Proudfoot, 2000) . Blockage of RNA synthesis by DNA lesions in the transcribed strand would presumably halt these RNA processing activities. Thus, the signal triggered by the stalled elongation complex leading to p53 modi®cations may be induced by transcription factors or RNA processing factors associated with the elongating RNA polymerase ( Figure 5 ). The processing and degradation of the largest subunit of the blocked RNA polymerase II is less likely to trigger these stress signals since we recently showed that Cockayne's syndrome cells are defective in this degradation Figure 6 The elongating RNA polymerase II act as a sensor of DNA damage and an integrator of stress signals leading to p53 modi®cations. Inhibition of CTD kinases by H7 and DRB leads to inhibition of RNA synthesis and nuclear accumulation of p53 proteins but does not lead to modi®cations of ser15 or lys382. UV light (254 nm) induces primarily pyrimidine dimers, actinomycin D intercalates DNA, and camptothecin traps DNA topoisomerase I in a cleavable complex bound to DNA. These lesions block the elongation step of transcription and result in the modi®cation of p53 at ser15 and lys382. The triggering mechanism leading to the activation of the p53-modifying enzymes may involve the stalled RNA polymerase itself or associated transcription-, elongation-or RNA processing-factors associated with the phosphorylated CTD of the elongating RNA polymerase II (McKay et al., 2001 ) but yet in this study, we show that CS cells are pro®cient in the modi®cation of both the ser15 and lys382 sites following UV-irradiation. The reason that blockage of RNA polymerase at promoter-proximal regions does not trigger a signaling pathway leading to p53 modi®cations may be that this type of stalling occurs naturally following initiation of most genes before the CTD of the RNA polymerase becomes phosphorylated (Price, 2000) . In contrast, blockage at promoter-distal sites may be recognized as inappropriate and results in the mounting of a distinct stress response pathway resulting in p53 modi®cations.
Which are the p53-modifying enzymes that respond to transcriptional stress? The ATR kinase has been shown to be the principal p53 ser15 kinase following UV-irradiation (Tibbetts et al., 1999) . Since our study using DNA repair-de®cient human cells show that the induction of ser15 phosphorylation is closely linked to persistent DNA lesions speci®cally in the transcribed strand, it is plausible that the ATR kinase may be a link between blocked transcription and p53. Furthermore, the acetylation of the lys382 site is known to be carried out by the acetyl transferase p300 . Since p300 has been shown to be associated with the RNA polymerase II holoenzyme (Neish et al., 1998) , it could potentially have the ability to sense stalling of the RNA polymerase II complex and signaling to p53. Future studies will be directed to elucidate the roles, if any, of the ATR kinase and the p300 acetyltransferase in signaling p53 following blockage of transcription.
In conclusion, we show that the accumulation of p53 in the nucleus following inhibition of transcription is not strictly dependent on phosphorylation of the ser15 site of p53. The loss of MDM2 expression may play a role in this nuclear accumulation (Ashcroft et al., 2000; Blattner et al., 1999a) but other mechanisms such as interference with the nuclear export machinery may also contribute (Groulx et al., 2000) . Furthermore, our results strongly suggest that the modi®cations of the ser15 and the lys382 sites of p53 following UVirradiation are generated by an active mechanism triggered by the blockage of elongating RNA polymerase II complexes. Previous studies have shown on the connection between blocked transcription and DNA repair (Le Page et al., 2000; Mellon et al., 1987) , p53 (Ljungman and Zhang, 1996; Yamaizumi and Sugano, 1994) and apoptosis (Ljungman and Zhang, 1996) . The results from the present study further demonstrate the central role that the elongating transcription machinery play as a general sensor of DNA damage and as an integrator of DNA damage stress signals.
Materials and methods

Cell culture
Diploid human ®broblasts (NF, XP-A, XP-C, CS-A) or the human colon cancer cell line HCT116 were grown as monolayers on culture dishes or on coverslips in MEM or RPMI (HCT116) supplemented with 10% fetal bovine serum (FBS) and antibiotic/antimycotic (GIBCO BRL).
Western blots
Following treatment, cells were rinsed with PBS, detached by scraping and collected by centrifugation. Protein concentration was quanti®ed using a protein assay (BioRad) and approximately 30 mg of protein was loaded per lane. The cell samples were boiled for 5 min in loading buer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.05% bromophenol blue and 62.5 mM Tris pH 6.8) prior to loading. Following SDS ± PAGE, proteins were electrophoretically transferred to Immobilon-P transfer membranes (Millipore). Antibodies used for the Western blot were anti-ser15 phospho-speci®c antibody (Ser15, Ab-3, New England Biolabs) anti-lys382 acetylation-speci®c antibody (Lys382, Oncogene Research Products) and anti-p53 antibody (Ab-2, Oncogene Research Products). X-ray ®lm (Biomax AR, Amersham) and enhanced chemiluminescence (Super Signal CL-HRP Substrate System, Pierce) were used to visualize the p53 proteins. The quality of total protein transfer was assessed by staining blots with Coomassie brilliant blue following exposure of the membranes to X-ray ®lm.
Immunocytochemistry
Human ®broblasts grown on coverslips were irradiated or treated with various agents for 4 h. The cells were then washed with PBS and ®xed in ice-cold methanol/acetone (1 : 1) and stored at 7208C for 1 h. The ®xed cells were rinsed twice in PBS and incubated for 1 h with the mouse monoclonal anti-p53 antibody 1801 (a gift from Dr Jiayuh Lin, University of Michigan) or the anti-ser15 phosphospeci®c antibody (Ser15, Ab-3, New England Biolabs). The antibody solution was aspirated and the cells were rinsed on a rocker platform three times for 5 min with PBSBT (5 g bovine albumin and 500 ml tween-20 per liter of PBS). The ®xed cells were then incubated for 1 h in the dark with 100 ml of a secondary FITC-conjugated anti-mouse IgG antibody (Sigma; 1 : 1000 dilution in PBSBT). Following rinsing in PBSBT as described above, the coverslips were mounted on microscope slides in one drop of Vectashield (Vector Laboratories, Inc.). Images were captured digitally with Adobe Photoshop software using a Zeiss Akioskop¯uor-escent microscope with Plan-NEUFLUAR 636/1.25 oil lens and a Microimage i308 digital camera. The color images were converted to grayscale.
